Motivated by the recent experiment of Ref.
Recent transport experiments [1, [5] [6] [7] on high-quality suspended BLG samples provided compelling evidence for the interaction-induced ground states both at B = 0
FIG. 1:
The antiferromagnetic (AF) state in bilayer graphene (BLG) at arbitrary orbital magnetic field. If the Zeeman effect is neglected, as done in this paper for simplicity, the A andB sublattices, located in different layers, have arbitrary antiparallel spin polarizations, as shown. Once the Zeeman effect is included, the AF state transforms into the canted AF state [23] , not shown here.
and in the QH regime. Several qualitatively different behaviors were reported. In Refs. [5, 6] , the zero-density state was insulating in the QH regime (reached already at B 1T), showed metallic value of the two-terminal conductance G e 2 /h at B = 0 and a nonmonotonic behavior of G at intermediate B 1T. In Ref. [7] , in cleaner samples (labeled B2 therein), at B = 0, the differential conductance displayed signatures of the insulating gap with the minimal zero-bias conductance G ≈ 0.2e 2 /h; remarkably, at the same time, no fully developed insulating state was observed at higher B. Finally, Ref. [1] reported a pronounced insulating state at all magnetic fields. The transport gap was E While all scenarios are equally interesting, in this paper we concentrate on the theoretical description of the latter [1] -the insulating state at all magnetic fields. We develop a mean-field (MF) theory of the insulating antiferromagnetic (AF) state in BLG, Fig. 1 , at arbitrary perpendicular magnetic field. We demonstrate that, the AF phase can persist at all B, continuously interpolating between the earlier studied B = 0 [8, 13, 15, 16] and QH (AF phase of the ν = 0 QHFM) [23] limits. Most importantly, the obtained mean-field spectrum reproduces well the crucial experimental feature of Ref. [1] -the dependence of the transport gap on the magnetic field. We obtain a simultaneous quantitative agreement between the experimental and theoretical values of the key parameters of the gap dependence -its zero-field value and slope at higher fields -by adjusting the two free parameters of the model. Our findings further substantiate the conclusions about the AF phase in the QH regime [23] and at B = 0 [1] , suggesting the AF phase as the most likely candidate for the insulating state observed in Ref. [1] . AF phase in BLG. A large number of correlated phases in BLG at B = 0 predicted or considered in theoretical literature [8] [9] [10] [11] [12] [13] [14] [15] [16] 18] can be classified according to the properties of their charge excitations as (i) bulk gapless (e.g., nematic [9, 12, 13, 18] ); (ii) topologically nontrivial bulk gapped phases with gapless edge excitations (e.g., quantum anomalous Hall (QAH) [14] [15] [16] 21] , quantum spin Hall (QSH) [15, 16, 18] ); and (iii) fully gapped (bulk and edge) (e.g., ferroelectric [11, 16, 18] , AF [8, 13, 15, 16, 18] ). The AF phase was argued in Ref. [1] to be the most likely candidate for the insulating state at B = 0, while the phases of (i) and (ii) types can be ruled out with certain confidence, since they should exhibit metallic twoterminal conductance G e 2 /h. The phases (i) or (ii) are more suitable candidates for the metallic low-field behavior observed in Refs. [5, 6] .
In the QH regime, the zero-density state transforms into the ν = 0 QHFM [19] [20] [21] [22] [23] . The generic phase diagram of the ν = 0 QHFM in BLG was obtained in Ref. [23] and consists of four phases: spin-polarized, antiferromagnetic (canted, once the Zeeman effect is taken into account), interlayer-coherent (at zero perpendicular electric field), and fully layer-polarized. Also, it was argued in Ref. [23] that the experimentally observed insulating ν = 0 QH state in BLG is the AF phase of the ν = 0 QHFM. This conclusion was reached by comparing the obtained phase diagram with the experimental data of Ref. [5] and was based on the argument that AF is the only phase consistent with the observation of the insulator-insulator phase transitions in the perpendicular electric field. The same transitions are observed in Ref. [1] and thus the same conclusion about the AF phase in the QH regime can be made.
Crucially, combined with the above conclusions, the fact that the insulating state of Ref. [1] shows a continuous crossover between the zero-field and QH regimes strongly suggests that the AF phase persists at all magnetic fields. Here we theoretically demonstrate that this is indeed a feasible scenario.
Model. Our starting point is the Hamiltonian for interacting electrons in the perpendicular magnetic field,
We describe electron dynamics in the framework of the two-band model [24] of BLG, valid at energies t ⊥ below the interlayer hopping amplitude t ⊥ ≈ 0.3eV. At such energies, the wave-functions are predominantly localized on A andB sublattices, located in different layers, Fig. 1 . The relevant degrees of freedom are joined into the eight-component field operator
, in the direct product KK ⊗ĀB ⊗ s of the valley, sublattice, and spin spaces, respectively. We use the same basis as in Refs. [12, 18] . Note that in this basis, the actual A and B sublattices are interchanged in the K valley; therefore, to avoid confusion, we denote this sublattice space asĀB. In Eq. (2), : . . . : denotes normal ordering of operators and the summation goes over α, β ∈ {0, x, y, z}.
In the kinetic energy term (1), m is the effective mass, p ± =p x ± ip y ,p α =p α − e c A α ,p α = −i∂ α for α = x, y, and rot A = (0, 0, B). In Eqs. (1) and (2) and below, for α, β, γ ∈ {0, x, y, z},
with the unity (τ 0 =1) and Pauli (τ x , τ y , τ z ) matrices in the corresponding subspaces. To keep the analysis simpler, we leave the orbital magnetic field as the only single-particle effect and neglect the effects of warping and strain [25] : the quite large extracted value E exp gap ≈ 20K of the transport gap suggests that the correlation effects dominate over these effects under the experimental conditions of Ref. [1] . We also neglect the Zeeman effect for the same reason: for perpendicular field orientation, the actual canted AF phase [23] should differ little from the AF phase.
Equation (2) is the most general form of the twoparticle interactions, asymmetric in the KK ⊗ĀB space, allowed by the symmetry of the BLG lattice [12, 18, 26] . The couplings satisfy the relations g ⊥⊥ ≡ g xx = g xy = g yx = g yy , g ⊥z ≡ g xz = g yz , g z⊥ ≡ g zx = g zy , g ⊥0 ≡ g x0 = g y0 , g 0⊥ ≡ g 0x = g 0y , yielding the total of 9 independent couplings [12, 13, 18, 26] . The symmetric coupling g 00 characterizes the strength of the screened Coulomb interactions [27] . For static screening in the large-N approximation, g 00 = 1/(2N ln 4), with the actual N = 4 due to two spin projections and two valleys. The asymmetric interactions can arise from both the actual Coulomb interactions and electron-phonon interactions.
There is no accurate knowledge of the coupling constants g αβ , yet their "bare" values at the bandwidth ∼ t ⊥ of the two-band model determine the favored broken-symmetry ground state in BLG at zero doping. At B = 0, a systematic weak-coupling analysis of the many-body instabilities is carried out within the RG approach [9, 12, 13, 18] . In the QH regime, the interactioninduced ν = 0 state is studied within the framework of QHFMism [19] [20] [21] [22] [23] . Among the variety of predicted phases, the AF phase was demonstrated to occur at both B = 0 and in the QH regime, under realistic assumptions about the values of the coupling constants g αβ . We will now assume that the AF phase is the favored ground state both at B = 0 and in the QH regime and demonstrate that the AF phase then persists at all intermediate B and that the two limits are adiabatically connected.
Mean-field analysis. We study the problem within the MF approach. At B = 0, the order parameter (OP) 
At finite magnetic field B > 0, due to the emergence of the n = 0, 1 Landau levels (LLs) [24] and the peculiar property of their wave-functions to reside on only one sublattice in each valley, the OP necessarily acquires a component τĀB ↓ = 1 2 (1 − τ z )ĀB in theĀB space; hence one needs to include the T z0z component in the full OP of the AF phase. The OP that describes the AF state at arbitrary magnetic field therefore has the form
Performing decoupling of interactions in Eq. (2),Ĥ i → H i,mf = d 2 r ψ †∆ ψ, we obtain the MF potential
where ∆ α = − 4π m g zαz Q α (α = 0, z) and g zzz = g 00 +g zz + 4g ⊥⊥ − 2g ⊥z − 2g z⊥ − 2g 0⊥ + g 0z − 2g ⊥0 + g z0 and g z0z = g 00 + g zz − 4g ⊥⊥ − 2g ⊥z + 2g z⊥ + 2g 0⊥ + g 0z − 2g ⊥0 + g z0 .
Solving the eigenvalue problem for the Hamiltonian h 0 +∆, we obtain the mean-field LL spectrum
Here, n = B n(n − 1) is the LL spectrum of the noninteracting BLG and B = 1/(ml
K is the cyclotron energy , in which l B = mc/(eB) is the magnetic length and m e is the electron mass. Each state is characterized by the valley λ = K, K and spin σ =↑, ↓ indices and s λ = ±1 and s σ = ±1, respectively.
Calculating the OP (4) in the eigenstate basis, we obtain the self-consistency equations at zero temperature
(8) In the right-hand side of the equation for ∆ z , the unity represents the contribution from n = 0, 1 LLs, while the sum from n ≥ 2 LLs. We impose an ultraviolet energy 
at g z0z 0.4 (8) for ∆ z and ∆ 0 determines the evolution of the order parameter (4) of the AF state with the magnetic field and the MF quasiparticle spectrum (6), (7). Below we discuss the key properties.
At B = 0, ∆ 0 = 0 and the equation for ∆ z reduces to
Its solution ∆ (8) for ∆ z using the standard procedure known from the BCS theory [28] . Namely, one may represent the integral
by an arbitrary series with asymptotic f 0 + n0 n=2 f n = ln(2n 0 ) + o(1) at n 0 = [ 0 / B ] → ∞; the specific form of the series is a matter of convenience. Adding and subtracting these two forms from the sum in Eq. (8) , one arrives at an equivalent equation for ∆ z ,
(10) This form shows explicitly that the functional dependence of ∆ z on B is, in fact, fully determined by one parameter, its value ∆ 0 z at B = 0. The component ∆ 0 = −g z0z B , in its turn, is linear in B and its slope is controlled by the coupling constant g z0z . The present theory is therefore described by two parameters, the zerofield gap ∆ 0 z and the coupling constant g z0z . In the QH regime B ∆ 0 z , it follows from Eq. (10), 
The first contribution arises from n = 0, 1 LLs, while the second one is the AF OP induced in the n ≥ 2 LLs by LL mixing. This OP describes the AF phase of the ν = 0 QHFM considered in Ref. [23] .
At intermediate fields, either Eq. (8) or (10) for ∆ z can be solved numerically. The components ∆ 0 and ∆ z as functions of the magnetic field B expressed in terms of B /∆ 0 z are plotted in Fig. 2 . As anticipated, we find that upon applying the magnetic field the system preserves the AF order and the AF state at B = 0 [Eq. (3)] continuously crosses over to the AF phase of the ν = 0 QHFM [Eq. (12) ].
The resulting mean-field LL spectrum (6), (7) of the AF state is plotted in Fig. 3 . The MF quasiparticle gap E gap = 2 min(E 2+K↑ , E 0K↑ ) is given by twice the energy of the lowest positive state. The gap E gap = 2∆ 
and the formula (11) is accurate. Thus, in the QH regime, reached already at B ∆ 0 z , the gap (13) has a quasilinear dependence on B associated with the QHFM physics; the quasi-slope equals
Comparison with the experiment of Ref. [1] . The obtained spectrum, Fig. 3 , reproduces well the dependence of the transport gap E exp gap (B) on the magnetic field B observed in Ref. [1] , compare with Fig. 3 therein. A distinct feature of E exp gap (B) is that the linear dependence at higher B, if extrapolated to B = 0, crosses the vertical axis at a value only slightly below the actual zero-field gap. The obtained spectrum in Fig. 3 exhibits the same property.
A quantitative agreement between the key parameters of the experimental E exp gap (B) [1] and theoretical E gap (B) (Fig. 3) gap dependencies, the zero-field value E (14) that the experimental slope is fit at g z0z ≈ 0.4. The ∆ z ( B ) and ∆ 0 ( B ) dependencies in Fig. 2 and the spectrum in Fig. 3 are presented for this value of g z0z . In this regard, we mention that after a preprint [30] of the present work became available, a similar MF analysis of the AF phase at finite B was performed in Refs. [31, 32] . However, in contrast to the present study, no quantitative agreement between the theoretical value of the slope at higher fields and the experimental value dE exp gap /d B = 1.3 of Ref. [1] could be achieved there. This discrepancy originates from disregarding the ∆ 0 component of the MF potential (5) of the AF phase in the analysis of Refs. [31, 32] and considering only the ∆ z component. According to the approach of Refs. [31, 32] the gap E T V R gap = 2∆ z of the AF state is determined solely by ∆ z ; then its maximum possible slope max(dE T V R gap /d B ) = 0.5 is indeed smaller than the experimental value by a factor of 2.6. We emphasize that the component ∆ 0 is automatically generated by the wave-functions of the n = 0, 1 LLs and without it the self-consistency gap equations (8) simply cannot be satisfied. Once ∆ 0 = −g z0z B has been taken into account, both components ∆ 0 and ∆ z contribute to the gap (13) and its slope (14) can always be fit by adjusting the coupling g z0z , as we demonstrated above. Conclusion. We developed a mean-field theory of the interaction-induced antiferromagnetic state in BLG at charge neutrality point at arbitrary perpendicular magnetic field. The theory reproduces well the key features of the recent experiment [1] on suspended BLG samples: persistence of the insulating state at all magnetic fields and the dependence of its transport gap on the magnetic field. At higher magnetic fields, the state crosses over to the antiferromagnetic phase of the ν = 0 QHFM, argued in Ref. [23] to be realized in the insulating ν = 0 quantum Hall state. The presented analysis suggests that the insulating state observed in Ref. [1] is antiferromagnetic (canted, once the Zeeman effect is taken into account) at all magnetic fields.
